2,5,6-Trichloro-1-␤-D-ribofuranosyl benzimidazole (TCRB) is a potent and selective inhibitor of human cytomegalovirus (HCMV) replication. TCRB acts via a novel mechanism involving inhibition of viral DNA processing and packaging. Resistance to the 2-bromo analog (BDCRB) has been mapped to the UL89 open reading frame (ORF), and this gene product was proposed as the viral target of the benzimidazole nucleosides. In this study, we report the independent isolation of virus that is 20-to 30-fold resistant to TCRB (isolate C4) and the characterization of the virus. The six ORFs known to be essential for viral DNA cleavage and packaging (UL51, UL52, UL56, UL77, UL89, and UL104) were sequenced from wild-type HCMV, strain Towne, and from isolate C4. Mutations were identified in UL89 (D344E) and in UL56 (Q204R). The mutation in UL89 was identical to that previously reported for virus resistant to BDCRB, but the mutation in UL56 is novel. Marker transfer analysis demonstrated that each of these mutations individually caused ϳ10-fold resistance to the benzimidazoles and that the combination of both mutations caused ϳ30-fold resistance. The rate and extent of replication of the mutants was the same as for wild-type virus, but the viruses were less sensitive to inhibition of DNA cleavage by TCRB. Mapping of resistance to UL56 supports and extends recent work showing that UL56 codes for a packaging motif binding protein which also has specific nuclease activity (E. Bogner et al., J. Virol. 72:2259-2264, 1998). Resistance which maps to two different genes suggests that their putative proteins interact and/or that either or both have a benzimidazole ribonucleoside binding site. The results also suggest that the gene products of UL89 and UL56 may be antiviral drug targets.
Human cytomegalovirus (HCMV) can cause significant morbidity and mortality in immunocompromised populations (3) . It is a common opportunistic disease in patients with AIDS and is often a factor in their death (38) . HCMV infection has been implicated in increased risk of organ rejection following heart (28) and kidney transplants (8) and in restenosis of diseased arteries following angioplasty (41, 63) . It is also a leading cause of birth defects (16) .
Current therapies for HCMV infection include ganciclovir (GCV) (22) , cidofovir (30) , and foscarnet (20) . Each of these drugs has several limitations to its use: none are orally bioavailable, all have dose-limiting toxicity, and resistance has developed to each (26) . Because all three of these drugs inhibit viral replication through an interaction with the virally encoded DNA polymerase (25, 31, 37) , the possibility of crossresistance exists. Thus, additional drugs with unique mechanisms of action are needed for the treatment of HCMV infections.
In 1995, we reported that 2-bromo-5,6-dichloro-1-(␤-D-ribofuranosyl)benzimidazole (BDCRB; Fig. 1 ) and the 2-chloro analog [2,5,6-trichloro-1-(␤-D-ribofuranosyl)benzimidazole TCRB] are potent and selective inhibitors of HCMV replication (55) .
These compounds have a novel mechanism of action, which unlike the current therapies for HCMV infection, does not involve inhibition of DNA synthesis. The benzimidazole ribonucleosides prevent the cleavage of high-molecular-weight viral DNA concatemers to monomeric genomic lengths (57) . Resistance to BDCRB has been mapped to the HCMV UL89 open reading frame (ORF), which, by analogy to gene gp17 from bacteriophage T4, may be a terminase (23, 57) . Consequently, we have proposed that the benzimidazole ribonucleosides inhibit the product of this gene and that the UL89 gene product is involved in the viral DNA concatemer cleavage process (57) .
HCMV replication proceeds in a manner which is conserved among herpesviruses. The virally encoded DNA polymerase produces large, complex head-to-tail concatemers (10, 29, 33) which must be cleaved into genomic-length pieces before insertion into preformed capsids (59) . With herpes simplex virus type 1 (HSV-1), temperature-sensitive mutants which are unable to cleave and package the concatemeric DNA have been derived (1, 2, 4, 45, 49, 50, 61) . By this process, six HSV-1 genes have been found to be involved in concatemer cleavage and packaging. They are UL6, UL15, UL25, UL28, UL32, and UL33. In addition, recent studies in Homa's laboratory have established that the product of UL25 is required for viral DNA encapsidation but not cleavage (39) . Homologs of these genes exist in HCMV and are UL104, UL89, UL77, UL56, UL52, and UL51, respectively (18) .
In our continuing investigation of the mode of action of benzimidazole nucleosides, we report herein the independent isolation of HCMV strains resistant to TCRB, characterization of these strains, and identification of the mutations responsible for the development of resistance. The results demonstrate that the mechanism of action of the benzimidazole ribonucleosides is more complex than previously proposed and that a second gene product implicated in DNA cleavage and packaging is involved.
MATERIALS AND METHODS
Chemicals. BDCRB and TCRB ( Fig. 1) were synthesized in the laboratory of L. B. Townsend as previously described (55) . GCV was provided through the courtesy of Syntex Laboratories, Inc., Palo Alto, Calif.
Cell and viral culture. Monolayer cultures of human foreskin fibroblasts (HFF cells) and MRC-5 cells were grown in minimal essential medium with Earle's salts [MEM(E)] plus 10% fetal bovine serum at 37°C in a humidified atmosphere of 3% CO 2 -97% air. They were regularly passaged at 1:2 dilutions, using conventional techniques, with 0.05% trypsin plus 0.02% EDTA in HEPES-buffered saline (51) . HCMV strain Towne was kindly provided by Mark Stinski, University of Iowa. Stocks of HCMV were prepared by infecting HFF cells at a multiplicity of infection (MOI) of Ͻ0.01 PFU per cell, and stock viral titers were determined in monolayer cultures of HFF cells as described earlier (46, 56) . Viral assays, but not the preparation of viral stocks, were done in the presence of penicillinstreptomycin (100 U of penicillin G per ml, 100 g of streptomycin per ml).
HCMV antiviral assays. Both plaque and yield reduction assays were used to compare the sensitivities of isolates to BDCRB and TCRB. For plaque reduction assays, HFF cells in 24-well cluster dishes were infected with approximately 100 PFU of HCMV per well as described earlier (56) . Following virus adsorption, compounds dissolved in growth medium were added to duplicate wells at four to eight selected concentrations. After incubation at 37°C for 10 days, cell monolayers were stained with crystal violet, and plaques were enumerated at 40-fold magnification. Drug effects were calculated as a percentage of reduction in number of plaques observed in the presence of each drug concentration compared to the number observed in the absence of drug. For yield reduction assays, the procedure devised by us (46) was used. Briefly, HFF cells were planted in 96-well cluster dishes, incubated overnight, and infected with HCMV at an MOI of 0.5 to 1. After virus adsorption, inoculum was replaced with 0.2 ml of fresh medium containing test compounds in quadruplicate on a single plate in a manner which provided drug concentrations from 100 to 0.14 M, using one-half log 10 dilutions. Plates were incubated at 37°C for 4 days and subjected to one cycle of freezing and thawing. Aliquots from each of the wells were transferred to a fresh 96-well monolayer culture of HFF cells and serial diluted across the plate. Cultures were incubated, cells were stained, plaques were enumerated at 40-fold magnification, and titers were calculated as described.
For both plaque and yield assays, dose-response relationships were constructed by plotting the percent inhibition of plaque number or the log 10 of the percent inhibition of virus titer against log 10 drug concentrations. The 50 or 95% inhibitory concentration (IC 50 or IC 95 ) and corresponding 95% confidence intervals were calculated by using the variable-slope dose-response algorithm of GraphPad Prism (GraphPad, San Diego, Calif.). Samples containing GCV as a positive control were used in all assays.
Selection of TCRB-resistant virus. HFF cells were infected with HCMV strain Towne, and the virus was grown in 10 M TCRB for 45 days. The progeny were collected and grown for an additional 7 days in 10 M TCRB. The resulting virus was passaged in 30 M TCRB for 13 days. The duration of each passage was a function of the viral input and the rate of viral growth. The resulting virus stock was plaque purified three times by limiting dilution, and purified isolates were designated D10 and B11. Isolate D10 was further passaged three times in 50 M TCRB, and the highly resistant viral stock was plaque purified three times by limiting dilution; this isolate was designated C4. Virus isolates D10 and C4 were tested for drug resistance by plaque reduction assay and yield reduction assay and were further characterized by pulsed-field electrophoresis as described previously (57) .
Growth characteristics. Viral growth rates were measured both over a single cycle of viral replication and over multiple cycles of replication. For observation of a single cycle, HFF cells were plated at 10,000 cells per well in 96-well cell culture plates and infected at an MOI of 2 PFU/cell. At time points spaced 8 to 12 h apart, the cultures were frozen at Ϫ80°C. Samples were collected for 4 days, and after all were collected, they were titered across microplates as described previously (46) . For assays involving multiple cycles of replication, growth was determined by infecting 96-well cell culture plates with 10,000 HFF cells per well at an MOI of 0.01 PFU/cell and freezing samples every 12 h over a course of 10 days.
Analysis of DNA processing. Samples were prepared for contour-clamped homogeneous electric field electrophoresis with a ChefMapper (Bio-Rad, Hercules, Calif.) as described previously (57) . Briefly, HFF cells were infected at an MOI of 3 PFU/cell and treated with selected drug concentrations for 3 days. Cells were removed from monolayers by treatment with a solution of 0.5 mM EDTA and 0.05% trypsin, suspended in 0.8% agarose, and digested with 100 mg of proteinase K (PK) per ml in 1% sarkosine for 48 h. Aliquots were loaded into the wells of a 1% agarose gel, and electrophoresis was performed as detailed previously (52) . Upon completion of the electrophoresis procedure, gels were stained with ethidium bromide and photographed. Figure 4 was obtained by scanning the photographs with a Microtek Scanmaker III using Adobe Photoshop. The colors were inverted and selected portions of the gels were transferred to Abobe Pagemaker, aligned, and labeled.
DNA sequencing. ORFs UL51, UL52, UL56, UL77, UL89, and UL104 were sequenced from wild-type HCMV, strain Towne, and isolate C4. Additionally, the UL56 and UL89 ORFs were sequenced from isolate D10 and, later, from recombinant isolates r56 and rC4. Viral stocks (ϳ10 6 PFU/ml) were lysed in an equal volume of 1ϫ PCR buffer (Perkin-Elmer, Foster City, Calif.)-0.05% Nonidet P-40-0.05% Tween 20. These were digested with PK (100 g/ml) at 55°C for 1 h, and the enzyme was inactivated at 95°C for 15 min. Specific viral genes were amplified from this lysate by PCR. Primers for PCR and sequencing were designed by using the PRIME program in the Genetics Computer Group package and are based on the published sequence of the AD169 strain of HCMV (18, 27) . A primer list is available upon request. The PCR mixtures included 20% viral lysate, 10% dimethyl sulfoxide, deoxynucleoside triphosphates at 250 nM (Gibco BRL, Grand Island, N.Y.), primers at ϳ1.5 M (Midland Certified Reagents, Midland, Tex.), and 2.5 U of AmpliTaq (Perkin-Elmer). The reagents were prepared in an ice bath, and the tubes were placed in a Perkin-Elmer GeneAmp 2400 PCR system preheated to 95°C. The reactions were cycled 35 times as follows: 95°C for 45 s, 58°C for 1 min, and 72°C for 3 min. PCR products were purified by using a QiaQuick PCR purification kit (Qiagen, Chatsworth, Calif.) or a Centricon 100 column (Amicon, Beverly, Mass.). DNA was quantified by comparison with DNA mass markers (Gibco BRL) and sequenced using a Dye Terminator Cycle Sequencing Ready Reaction kit (Perkin-Elmer). The sequencing reactions were purified with a CentriSep spin column (Princeton Separations, Aldephia, N.J.) and were separated and detected with an Applied Biosystems Inc. 377 DNA sequencer. The data were aligned and edited by using Sequencher software (GeneCodes, Ann Arbor, Mich.).
Marker transfer studies. Genomic DNA was prepared using two different methods. For wild-type (wt) virus, strain Towne, a modification of the package insert from a RecoverEase DNA isolation kit (Stratagene, La Jolla, Calif.) was used. Supernatant virus from HCMV-infected cells was pelleted at ϳ10,000 ϫ g for 2.5 h. Pellets were suspended in 1 volume of digestion buffer plus 1 volume of PK solution and were incubated at 55°C for 2 h with gentle rocking every 15 min. The resulting suspension was dialyzed against TE (10 mM Tris-HCl [pH 7.5], and 1 mM EDTA) overnight. For wt virus, strain AD169, and isolate D10, a second method was used (52) . Briefly, virus pellets were suspended in TNE (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1 mM EDTA) with 0.05% sodium dodecyl sulfate and digested overnight with PK (100 g/ml) at 37°C. The resulting DNA-containing solutions were gently extracted twice with 1 volume of phenol and once with 1 volume of 24:1 chloroform-isoamyl alcohol. The DNA was precipitated overnight at Ϫ20°C with 2.5 volumes of ice-cold 95% ethanol. Precipitates were collected by centrifugation at 12,000 ϫ g for 30 min and pellets were dissolved in TE by standing undisturbed at room temperature for several days.
Calcium phosphate transfections were performed as described by Sambrook et al. (48) . Infectious DNA (0.3 to 2 g) from either wt Towne or D10 virus isolate was coprecipitated with 12-to 25-fold molar excess of a PCR product encoding the portion of interest of UL56 from either wt Towne or C4 isolate (Fig. 2) . Low (10 to 15)-passage HFF cells were exposed to the precipitate for 4 to 5 h, and then the precipitate was removed. The cells were treated with 15% glycerol in buffered saline for 90 s, washed briefly with MEM(E) containing 5% fetal bovine serum and penicillin-streptomycin, and incubated overnight in this medium. The medium was replaced with fresh medium the following morning. A PCR product from exon II of UL89 (Fig. 2 ) from B11 was similarly transfected with infectious wt AD169 DNA into MRC-5 cells. Transfected cultures were incubated in the absence of drug until maximum cytopathic effect was observed (usually around 21 days), and the supernatant progeny virus was clarified by centrifugation (2,000 ϫ g for 5 min) and stored in liquid nitrogen. Titers of viral stocks were determined as described previously (46) . Viral plating efficiencies were determined by infecting five flasks (75 cm 2 ) each with 20,000 to 70,000 infectious progeny virions under a methylcellulose overlay containing BDCRB. The concentrations of BDCRB used to screen the various recombinants are given in Table 3 . A parallel experiment was performed in the absence of BDCRB to determine the actual number of infectious virions plated in a given experiment. Five additional flasks each were infected with 1/10 the virus used in the first experiment. Recombination efficiencies were calculated by subtracting the number of plaques produced by wt progeny virus in the presence of BDCRB from the number of plaques produced by recombinant progeny virus populations in the presence of BDCRB. The resulting number of plaques observed under drug was divided by 10 times the number of plaques observed in the absence of drug, and the result was converted to a percentage.
The recombinant, mutant viruses were isolated and plaque purified by the method of Klein (34) . The first round was performed in the presence of 2, 5, or 15 M BDCRB, depending on the resistance of the virus, and two subsequent rounds were performed in the absence of drug.
Nucleotide sequence accession numbers. Nucleotide and amino acid sequences were obtained from GenEMBL. Accession numbers are as follows: HCMV strain AD169, X17403; HSV-1, X14112; human herpesvirus 6, X83413; human herpesvirus 7, U43400; and varicella-zoster virus, X04370. The sequences from HCMV strain Towne of UL51, UL52, UL56, UL77, UL89 exon 1, UL89 exon 2, and UL104 as reported herein are AF039234, AF047521, AF047523, AF047522, AF047525, AF047526, and AF047524, respectively.
RESULTS

Initial isolation and characterization of resistant virus.
Prior studies in our laboratories have shown that BDCRB inhibits viral DNA packaging through an interaction with the gene product of UL89 (57) . The resistant isolates (1038rA, -B, and -C) were obtained by growth of HCMV strain AD169 in the presence of BDCRB. Independently, another clone of resistant virus was isolated by passaging HCMV strain Towne in the presence of increasing concentrations of TCRB up to 30 M. Isolates resulting from plaque purification of the heterogeneous mixture have been designated D10 and B11. Isolates D10 and B11 were approximately 10-fold resistant to the benzimidazole ribonucleosides in plaque reduction assays (Table  1) . This was nearly identical to resistance observed with strains 1038rA and 1038rC (57) . Moreover, all four isolates were sensitive to GCV and grew in the absence of drugs at rates nearly identical to those for wt HCMV (data not presented), further illustrating that a unique mechanism of action was involved.
Sequence analysis of B11 and D10. Based on the similarity of phenotypic characteristics among B11, D10, and 1038rA and 1038rC plus the known mutation of aspartate to glutamate at position 344 (D344E) in UL89, which caused the resistance of the AD169 strains (57), UL89 of B11 and D10 was sequenced. A change of C to G in nucleotide 1032 of UL89 resulting in an inferred D344E amino acid mutation was found in B11 and D10 (Table 2 ). This change was identical to the C-to-G nucleotide change found in AD169 strains 1038rA and 1038rC but different from the C-to-A change found in strain 1038rB, which conferred the identical D344E change (57) . In addition to the C-to-G change, a difference between AD169 and Towne strains was found in the next nucleotide (1033, T to G), resulting in a coding change of serine to alanine in position 345.
To determine if the D344E change was necessary and sufficient for the Towne strain to be resistant to the benzimidazole ribonucleosides, drug resistance was transferred by transfecting exon 2 of the UL89 ORF from isolate B11 into MRC-5 cells with infectious, genomic-length AD169 DNA. The plating efficiency difference of 0.43% between populations transfected with wt and B11 UL89 DNA (Table 3) represents the percentage of drug-resistant virions in the heterogeneous progeny and demonstrated that the mutation in UL89 generated resistance to the benzimidazoles. This recombinant (termed rT89E2-4) was isolated, and its resistance to the benzimidazole ribonucleosides was similar to that of isolates B11 and D10 ( Table  1 ), demonstrating that the mutation in UL89 was sufficient to cause the level of resistance observed. The recombinant was sequenced and had the expected C-to-G change in nucleotide 1032 in exon 2 of UL89 resulting in the D344E mutation (Table 2) . Surprisingly, T was found in position 1033, inferring serine in position 345 which is characteristic of the parental AD169 DNA used in the transfection, not an alanine which would be expected based on Towne strain as the source of the drug-resistant DNA. We speculate that because there were two adjacent mismatches due to homologous recombination between genomic DNA from wt AD169 and PCR product of mutant UL89 from Towne, the second mismatched nucleotide (position 1033) was repaired in the recombinant DNA. Isolation and characterization of highly resistant virus. In our prior study, isolate 1038rB was more resistant to the benzimidazole ribonucleosides than 1038rA and 1038rC due to an additional mutation from Ala to Thr at position 355 (57) . To explore the possibility that the region of UL89 around amino acids 344 to 355 was critically involved in the binding of benzimidazole ribonucleosides, we attempted to isolate additional drug-resistant mutants by passaging strain D10 (with the single D344E mutation) in a higher concentration of TCRB. Upon further passage of isolate D10 in the presence of 50 M TCRB, progeny virus eventually grew; another mutant was selected and plaque purified, and the resulting isolate was designated C4. It was ϳ30-fold resistant to the benzimidazole ribonucleosides (Table 4) . Based on the prior results and the increased resistance to the benzimidazoles, virus isolate C4 was expected to encode additional mutations in UL89, but none were detected (Table 2 ). C4 was further characterized genotypically by sequencing the other five genes known to be involved in viral DNA processing and packaging (ORFs UL51, UL52, UL56, UL77, and UL104). The only ORF of these six that had any mutation was UL56. A mutation from A to G in position 611 resulted in a coding change from glutamine to arginine at position 204 (Q204R) ( Table 5) .
Marker transfer analysis of highly resistant virus. Marker transfer techniques were used to explore the significance of the mutation identified in the UL56 ORF. This mutation was introduced into D10 virus through homologous recombination. The plating efficiency of the progeny (Table 3 ) strongly suggested that the Q204R mutation was responsible for the increase in drug resistance between isolates D10 and C4. Since none of the progeny from the recombination between D10 DNA and wt UL56 grew under the selection conditions (20 M BDCRB), the increased drug resistance did not appear to develop spontaneously during the course of the experiment and the resistant virus observed was a result of the mutation in the UL56 ORF.
The drug-resistant recombinant was plaque purified and designated rC4. Its susceptibility to the benzimidazole ribonucleosides and to GCV was similar to that of C4 (Table 4 ). The similarity in the resistance patterns of virus isolates C4 and rC4 confirmed that the mutation in UL56 was responsible for the increase in drug resistance between isolates D10 and C4 and substantiated that it was the only additional mutation involved in the phenotype of a high level of drug resistance (20-to 30-fold) in isolate C4. UL89 and UL56 from virus isolate rC4 were sequenced, and each encoded only the expected mutations (Tables 2 and 5 ).
Homologous recombination also was used to selectively introduce the mutation in UL56 from isolate C4 into wt Towne virus. The progeny from this experiment had a plating efficiency of 5.4% in 5 M BDCRB, which demonstrated that the single nucleotide change in the UL56 ORF could cause drug resistance in the absence of any changes in the UL89 ORF (Table 3 ). This recombinant virus was plaque purified and designated r56. It was 5-to 10-fold resistant to the benzimidazole nucleosides ( Table 4 ), demonstrating that this mutation also was necessary and sufficient for drug resistance. Virus r56 a HFF cells were cotransfected with the indicated sources of parental and mutated DNA (PCR product). Following transfections, stocks of progeny virus were grown and titers were determined. Five flasks (20,000 to 70,000 PFU per flask) were infected with this virus and incubated in the presence of the indicated concentrations of BDCRB. Five flasks also were infected in the absence of drug, using 1/10 the amount of virus. Plating efficiency is the percentage of plated recombination progeny which formed plaques under the indicated concentration of BDCRB as described in the text. a Plaque and yield reduction assays were performed with the indicated strains of HCMV as described in the text; 95% confidence intervals (in parentheses) were calculated by using the variable-slope dose-response algorithm of GraphPad Prism. Plaque assay data are averages of three experiments, each done in duplicate except for r56, in which case two experiments were done. Yield reduction assays were done once, in quadruplicate.
was sequenced through ORFs UL89 and UL56 to verify that it had only one mutation in the UL56 ORF (Q204R) and did not have any mutations in UL89 (Tables 2 and 5) .
Growth studies. The replication characteristics of wt Towne, D10, C4, rC4, and r56 were measured to determine if any of the isolates were growth defective. The rate of replication of each virus isolate initially was measured following infection at a high MOI (2 PFU/cell). Figure 3 shows that there were no differences in the rates of replication of the various isolates over the course of a single cycle of replication. Statistical comparisons showed that the slopes of all curves were similar (slopes Ϯ 95% confidence intervals ϭ 7.1 Ϯ 2.5, 5.7 Ϯ 1.5, 6.0 Ϯ 1.4, 7.1 Ϯ 1.7, and 5.4 Ϯ 1.4 h Ϫ1 , respectively for Towne, D10, C4, rC4, and r56). Additionally, there were no statistically significant differences in the total amounts of infectious virus produced during the course of the infection (yield Ϯ 95% confidence intervals ϭ 6.4 Ϯ 0.3, 6.0 Ϯ 0.2, 6.1 Ϯ 0.2, 6.1 Ϯ 0.2, and 5.9 Ϯ 0.1 log 10 PFU/ml at 112 h postinfection, respectively, for Towne, D10, C4, rC4, and r56) (Fig. 3) . Thus, all of the mutants were fully capable of replicating at normal levels. Each isolate was also observed over multiple cycles of replication by infecting cells at a low MOI (0.01 PFU/cell). Samples were frozen twice daily for 10 days, and the viral titer of each sample was determined. No statistically significant differences in the slopes of the growth curves or in the total yield of HCMV were detected among the mutants (slopes Ϯ 95% confidence intervals ϭ 25 Ϯ 2.6, 35 Ϯ 8.4, and 31 Ϯ 7.3 h Ϫ1 and yield at plateaus ϭ 7.4 Ϯ 0.2, 8.2 Ϯ 0.7, 7.0 Ϯ 0.3, and 8.4 Ϯ 0.9 log 10 PFU/ml at 204 h postinfection, respectively, for D10, C4, rC4, and r56).
Analysis of DNA processing by the recombinant viruses. Benzimidazole ribonucleosides inhibit the cleavage of concatemeric, viral DNA to monomeric, genomic-length units at concentrations at and above the IC 50 for both wt virus and HCMV isolates resistant to BDCRB due to the mutation in UL89 (57) . To explore if this also were true for resistant isolates with mutations in UL56, HFF cells were infected with the mutant HCMV isolates and grown for a single cycle of viral replication. Intracellular DNA was separated by pulsed-field electrophoresis and stained with ethidium bromide. Figure 4 shows gels obtained from wt Towne and three mutant viruses. The concentration of TCRB required to inhibit monomer formation by each of the mutants was proportional to the IC 50 of the isolate. The phenotype did not differ between D10, with a single mutation in UL89, and r56, with a single mutation in UL56, nor was there any difference with C4, which contains both mutations. These data further confirm that the benzimidazole ribonucleosides target viral DNA processing.
We also observed a band migrating slightly slower than the monomer band (labeled "mono ϩ" in Fig. 4 ), similar to previous studies with BDCRB-resistant viruses (57) . The amount of this apparently higher-molecular-weight DNA species first appeared at drug concentrations around the IC 50 and increased with increasing drug concentrations. At particularly high concentrations of TCRB, this band disappeared with wt virus and isolate C4. With isolates D10 and r56, it persisted at the highest drug level tested, but we have no data to explain why this persistence was observed only with the single-mutation viruses. The identity and structure of this DNA species is not known but is under investigation (57) .
DISCUSSION
There is substantial evidence from our laboratories indicating that the benzimidazole ribonucleosides inhibit viral replication during the DNA processing and packaging stage (57) . Most significant is that polygenomic concatemeric viral DNA is not cleaved to monomeric lengths and is not encapsidated (57) . This is a phenotype consistent with that of temperature-sensitive and null mutant HSV-1 isolates with aberrations in one of six ORFs: UL6, UL15, UL25, UL28, UL31, or UL32 (1, 2, 4, 5, 45, 49, 50, 54, 61, 62) . Each of these genes is essential for viral replication and is presumed to be involved in viral DNA maturation. The similarity in phenotype between these mutants and wt HCMV treated with the benzimidazole ribonucleosides is consistent with the hypothesis that benzimidazole ribonucleosides inhibit viral DNA processing.
HSV-1 ORFs UL15 and UL28 are homologs of HCMV ORFs UL89 and UL56, respectively. Previous studies have shown that null mutants of HSV-1 UL15 and UL28 have the same phenotype of inability to process viral DNA (5, 54, 62) . Our isolates, D10 and r56, respectively, have similar resistance to the benzimidazole ribonucleosides in antiviral assays. Thus, our mutants with a single mutation in either HCMV UL89 or UL56 also have identical phenotypes. These studies suggest that the proteins encoded by UL56 and UL89 either have very similar functions or participate in an intertwined, concerted series of activities.
Antiviral drug resistance that maps to two different genes is FIG. 3 . Single-cycle growth curves comparing mutant viruses. HFF cells were infected at an MOI of 2 PFU/cell and were harvested at time points spaced 8 to 12 h apart over the course of 4 days. After all samples were collected, they were titered across 96-well plates. Curves were fitted and data were analyzed by using the exponential growth algorithm of Prism. not unprecedented. With GCV, resistance maps both to the kinase responsible for activation of the drug (53) and to the DNA polymerase which GCV triphosphate inhibits (52) . However, this is very different from our current results in that these two steps in GCV action are not directly related in viral replication. Furthermore, BDCRB does not require phosphorylation for activity, and there is no evidence for any other form of activation (36) . Consequently, this does not explain the pattern of resistance to the benzimidazoles. Mutations in proteins known to interact with the target protein of a drug have been shown to cause altered drug sensitivity (21) . For example, selected mutations in the gene for viral DNA polymerase that result in resistance to phosphonoacetic acid concurrently result in hypersensitivity to aphidicolin (9, 21) . In addition, temperature sensitive mutants with lesions in the single-stranded DNA binding protein (UL29) have increased sensitivity to phosphonoacetic acid and aphidicolin (19) . That mutations in one protein (UL29) could affect the activity of another (DNA polymerase) led to the proposal of an interaction between the viral DNA polymerase and the singlestranded DNA binding protein (reviewed in reference 42).
Likewise, the fact that drug resistance maps to both UL89 and UL56 strongly suggests an interaction between their two gene products. This is consistent with the proposed role of each in viral DNA maturation and with observations of the pseudorabies virus (PRV) homolog of UL56 (UL28). This protein is found primarily in the nuclei of infected cells (44) , but it is limited to the cytoplasm in the absence of other viral proteins. When it is coexpressed with HSV-1 UL15, it regains nuclear localization (35) . These findings support an interaction between the two proteins which is required for proper intracellular localization of the PRV UL28 gene product. It is possible that in HCMV such an interaction between UL56 and UL89 proteins results in a complex which functions during viral DNA maturation.
There also are similarities to bacteriophage. Bacteriophage replication has long been proposed as a model for that of the herpesviruses because of the similarity in genome size and the large number of gene products required for DNA replication and packaging (60) . Both synthesize high-molecular-weight DNA concatemers, cleave these concatemers into genomiclength units, and package the pieces into preformed capsids. A two-subunit terminase complex is common among bacteriophages (12) . In bacteriophage T4, gp17 is part of a two-subunit terminase complex with gp16 (12) . The gp17 subunit appears to have constitutive endonucleolytic activity which seems to be regulated by an association with gp16 (47) . gp17 also interacts directly with another protein-p20, the bacteriophage capsid vertex protein (32) . A mutant with a lesion in p20 displays the same phenotype as the HSV-1 packaging mutants; viral DNA is synthesized but not cleaved or encapsidated.
HCMV UL89 and homologs are highly conserved among herpesviruses and are invariably expressed as the spliced product of two or more exons. The HSV-1 homolog, UL15, has been studied extensively (5-7, 24, 45, 57, 62) but the function of this protein has not been observed directly. In 1992, Davison reported some homology between UL89 and the endonucleolytic portion of the terminase complex of bacteriophage T4, protein gp17 (23), thereby suggesting that UL89 could be the HCMV terminase. Both proteins encode a potential nucleotide binding motif, HCMV amino acids GTK219 to DE310. In a linear sense, this motif is distal to the mutations in UL89 that confer resistance. It is possible that protein folding juxtaposes the two areas and allows the mutations to alter the nucleotide binding site and thereby affect endonuclease activity (57) . However, we know of no direct evidence for nuclease activity of the UL89 protein.
In contrast, the recent studies of Bogner et al. (13) provide direct evidence for specific nuclease activity of the UL56 gene product. Until now, little has been known about the function of this protein. It is a minor structural protein and can be detected with human convalescent serum (14, 15) . There were early suggestions that the HSV-1 homolog could be involved in both DNA processing (2) and glycoprotein expression (43) . However, later studies negated its involvement in glycoprotein trafficking, and a null mutant of the HSV-1 UL28 ORF was fully capable of glycoprotein expression (17, 54) . This finding suggests that UL28 may have multiple, independently functioning domains. Bogner et al. also provide direct evidence for such a suggestion by establishing that the gene product of UL56 has not only nuclease activity but also specific DNA binding affinity (13) .
A potentially corroborating observation for specific DNA binding emerges from a comparison of the predicted amino acid sequences of some of the homologs of the UL56 ORF (Table 6 ). First, the amino acid change which resulted in drug resistance (Q204R) is in a position that is completely conserved but the change did not affect the viability of the virus. Second, three cysteines and one histidine also are completely conserved in all 12 herpesviruses that have been compared. These amino acids could represent a metal binding motif (11) ; in accord with observations of Bogner et al. (13) , this suggests DNA sequence-specific binding capability for the UL56 protein.
Such specific binding may account for one of the major differences in DNA packaging between bacteriophage T4 and the herpesviruses. Bacteriophage T4 DNA is packaged in a head-full manner (12) , whereas herpesvirus DNA is cleaved and packaged in a manner that is both sequence specific and measured (40, 58, 59 ). The protein encoded by UL56 apparently binds the pac sequences (cleavage recognition sites) and endonucleolytically cleaves viral DNA. The role of the gene product of UL89 is unknown but it may be an accessory protein to the UL56 protein. This may account for the putative interaction between these two proteins that is implied by the results reported herein.
For TCRB or BDCRB to inhibit viral DNA processing, it is possible that both UL89 and UL56 proteins interact directly with the benzimidazole ribonucleoside. Consequently resistance to the benzimidazoles would be a function of altered binding of the drug to each protein or to a common binding pocket formed by a complex of two (or more) proteins. On the other hand, the situation may be similar to that of the DNA polymerase/single-stranded DNA binding protein where a mutation in one protein affects the activity of the other protein (21) . In this case, we hypothesize that the UL89 protein is the direct target of the benzimidazole ribonucleosides because drug resistance has mapped to this gene in most of the mutants found to date. When the UL89 protein binds to BDCRB, binding may alter the interaction between this protein and the UL56 protein, thereby decreasing nuclease activity and/or DNA binding. The mutation in UL56 may compensate for the interference by altering the stringency of UL56 protein binding to pac sites thereby facilitating a more productive interaction.
In summary, resistance to the benzimidazole ribonucleosides has been mapped to both HCMV ORFs UL56 and UL89. Mapping of resistance to UL56 complements and extends the recent work by Bogner et al. (13) , who showed that UL56 encodes a pac motif binding protein which has specific nuclease activity. Our results also suggest that the proteins encoded by UL56 and UL89 interact and that both are potential antiviral drug targets. 
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a Each amino acid in boldface represents the location of the mutation in virus isolate C4. Amino acids that are conserved among listed herpesviruses plus PRV, equine herpesvirus type 1, bovine herpesviruses 1 and 2, murine cytomegalovirus, rat cytomegalovirus, and herpesvirus saimiri are underlined. The cysteines and histidine suggest a potential metal binding site. From the Swiss Protein database.
